Abstract-A study on the influence of titanium on the diffusion kinetics of erbium in lithium niobate is presented. An empirical linear relation between the diffusion coefficient of erbium and the initial film thickness of titanium was obtained from secondary ion mass spectrometry data. An improvement in the diffusion coefficient by a factor of two was measured for a 200-nm titanium film. Furthermore, the erbium and titanium codiffusion process not only enhances the diffusion of erbium, leading to smaller diffusion time, but also improves the device visibility for further fabrication procedures. This letter is envisioned to clarify in a quantitative way the process of simultaneous codiffusion of erbium and titanium ions into lithium niobate, which has been studied by several authors; nevertheless, no definitive conclusion can be found in the literature.
I. INTRODUCTION
T HE excellent properties of Er doped optical fibers for optical amplification and lasing around 1.55µm, stimulated interest in the development of integrated waveguide amplifiers and lasers in lithium niobate (LiNbO 3 ) substrates doped with the rare earths such as Nd, Yb and Er or with Cr [1] - [4] . High quality waveguides in LiNbO 3 , produced by Ti diffusion [5] , [6] , are fundamental components for making performance devices, such as quasi-phase-matched nonlinear optics devices with high conversion efficiency [7] - [9] .
Incorporation of active ions into LiNbO 3 substrates for integrated optics devices can be achieved by homogeneous doping during crystal growth [1] or by surface doping by thermal diffusion of a thin film [1] - [10] . While optical amplification in 4-level systems may be implemented in homogeneous doped crystals [11] , adequate optical amplification in 3-level systems may be achieved by surface doping by thermal diffusion, leading to uniform surface-doped substrates [12] - [14] . However, in 3-level systems, signal re-absorption occurs in unpumped regions of the crystals. Minimization of re-absorption is [16] , the last seemed to increase with initial Ti thickness.
Optical amplification was recently obtained by Salas-Montiel et al. [17] , in waveguides formed in x-cut crystals doped by surface selective simultaneous codiffusion of Er and Ti. Secondary ion mass spectrometry (SIMS) measurements conducted the authors to report an increase of diffusivity of Er, compared to the Er-only diffusion determined by [3] . From SIMS measurements, Caccavale et al. [3] found an enhancement of diffusivity of Er for x-and z-cut LiNbO 3 for an Er/Ti multilayer structure comparing to Er single layer samples.
Thus, it seems that Er/Ti simultaneous codiffusion permits shorter diffusion time and improves the visibility for the waveguide alignments procedures, adding an extra degree of freedom to the design of LiNbO 3 complex waveguide devices based on optical amplification and lasers. Nevertheless, to the best of our knowledge, no systematic experimental characterization of codiffusion can be found in literature, namely regarding the influence of Ti layer thickness, crystal orientation, diffusion time and temperature.
II. EXPERIMENTAL PROCEDURE
Optical grade z-cut LiNbO 3 wafers (Crystal Technology, Inc.) were cut in 10 × 5 × 1 mm pieces and cleaned in trichloroethylene, acetone, methanol and de-ionized water using an ultrasonic cleaner. The samples were first coated with a Ti thin film and then over coated with a 10 nm thick layer of Er, by thermal evaporation, using an electron beam. The Ti film thicknesses ranged from 30 to 200 nm. Diffusion was carried out at 1130°C during 120 hours, in a tubular furnace with a flow of dry oxygen at a rate of approximately 0.5 dm 3 min −1 . The samples were placed in a ceramic crucible and slowly moved into the middle section of the furnace. Warm-up from room temperature to the diffusion temperature and coolingdown times were kept at five minutes.
SIMS was exploited to measure the elemental in-depth profiles of chemical species in the deposited film. Measurements were carried out by means of a IMS 4f mass 1041-1135 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. spectrometer (Cameca, Padova, Italy) using a 14.5 keV Cs + primary beam and by negative secondary ion detection. The charge build up, while profiling the insulating samples, was compensated by an electron gun without any need to cover the surface with a metal film. The SIMS spectra were carried out at different primary beam intensity (50 nA, stability 0.4%) rastering over a 175 µm × 175 µm area and detecting secondary ions from a sub region close to 10 µm × 10 µm to avoid crater effects. The primary beam was chosen in order to optimize the depth resolution and guarantee the charge compensation. The signals were detected in beam blanking mode (i.e. interrupting the sputtering process during magnet stabilization periods) in order to improve the depth resolution. Moreover, the dependence of the erosion speed on the matrix composition was taken into account by measuring the erosion speed at various depths for each sample. The erosion speed was then evaluated, by measuring the depth of the erosion crater at the end of each analysis, using a Tencor Alpha
Step profilometer with a maximum uncertainty of few nanometers. The measurements were performed in High Mass Resolution configuration to avoid mass interference artifacts.
III. RESULTS AND DISCUSSION
Theoretical models used to describe and predict diffusion of rare-earth ions in LiNbO 3 are well described in literature [3] - [18] . The Er concentration profile due to thermal diffusion from a thin film after depletion time (thin film regime), can be approximated by a Gaussian function:
where
C sur f (T, t) is the Er surface concentration, D(T ) is the Er diffusion coefficient at temperature T , t is the diffusion time and d(T, t)
is the diffusion depth. Fig. 1 illustrates the typical SIMS raw spectra measured in this work for Er, Ti, lithium (Li), oxygen (O) and niobium (Nb), corresponding to a sample with an initial film (1130°C, 120 hours) , and given the high diffusion coefficient of Ti [6] , its spectrum is almost flat although a smooth Ti gradient can still be seen between 6 and 12 µm. For samples with initial Ti thickness of 100 and 200 nm and for the Er single layer sample, Fig. 2 show the Er profiles as function of depth.
From a qualitative point of view it is obvious that the initial amount of Ti has an influence on Er diffusion characteristics. The SIMS profiles were fitted to (1) in order to determine the diffusion depths. They are shown in Table I as well as D(T ) at 1130°C calculated using (2) . The D(T ) value for the Er single layer, 0.064 µm 2 h −1 , compares well with published value of 0.053 µm 2 h −1 [3] for similar fabrication procedures. Clearly, there is an increase of D(T ) with increasing Ti film thickness. The value of D(T ) for Ti thickness of 200 nm is two times greater than the value for Er single layer. Moreover, as illustrated in Fig. 3 , an excellent linear fitting to the measured data was obtained, the regression coefficient (R 2 ) being 0.986.
The increase of the Er diffusion coefficient, which can be ascribed to the augmented partition coefficient of Er 3+ when Ti 4+ is available as a charge compensation mechanism, is a function of Ti concentration [16] . Therefore, small improvement is expected after the titanium source is depleted, which takes longer to occur for thicker thin films.
Gill et al. [16] reported a 15-fold increase of the diffusion coefficient of Er in z-cut LiNbO 3 when using a 200 nm thick Ti layer in a codiffusion process (at 1050°C) when comparing to the Er single layer. Recently, Salas-Montiel et al. [17] calculated an increase by a factor of 7 in x-cut substrates when comparing to the Er single layer value published by Caccavale et al. [6] for similar conditions. From SIMS and Rutherford backscattering spectrometry (RBS) data, Caccavale et al. [3] , found that for a particular Er/Ti multilayer structure the diffusion coefficient increases by about 25 % for x-cut and by about 30% for z-cut one with respect to 10 nm thick Er single layer.
The above mentioned works and their conclusions are based either on less accurate techniques, such as electron microprobe (EMP) over a milled region, on SIMS analysis of a limited non-systematic group of samples or on comparison of results from different sources. To the best of our knowledge this is the first SIMS based investigation on the quantitative effect of Ti in the value of the diffusion coefficient of Er in LiNbO 3 .
IV. CONCLUSION
In conclusion, a study based on mass spectrometry, on the influence of the Ti initial film thickness on the diffusion kinetics of Er ions in z-cut LiNbO 3 was presented. From SIMS data, an empirical linear relation between the diffusion coefficient and the initial film thickness was obtained. An improvement of a factor of two was measured for a 200 nm Ti film. Erbium and titanium codiffusion process not only enhances the diffusivity of Er, thus leading to shorter diffusion time, but also improves the visibility for mask alignments procedures. This work brings a further insight into the topic of codiffusion and simultaneous codiffusion of ions into LiNbO 3 .
